We report on what are believed to be the first full-scale images obtained with the coded aperture concept, which uses conventional x-ray sources without the need to collimate/aperture their output. We discuss the differences in the underpinning physical principles with respect to other methods, and explain why these might lead to a more efficient use of the source. In particular, we discuss how the evaluation of the first imaging system provided promising indications on the method's potential to detect details invisible to conventional absorption methods, use an increased average x-ray energy, and reduce exposure timesall important aspects with regards to real-world implementations.
In x-ray phase-contrast imaging (XPCi), contrast arises from the phase changes that x rays undergo when crossing an object, which enhances detail visibility [1, 2] . XPCi methods developed so far [3] require spatial coherence, i.e., synchrotron radiation (SR) or microfocal sources, which prevented realworld implementations. Extended sources have been used [4] by collimating/aperturing the source in order to make it sufficiently coherent. This, however, may result in increasing the exposure time, as very narrow apertures are obtained in structures with a much larger thickness, resulting in nonnegligible angular filtration of the emitted beam.
Here we present what are believed to be the first full-scale images obtained with a different approach, which exploits x-ray refraction by means of pixel edge illumination obtained through coded aperture systems [5] [6] [7] . The realization and evaluation of the first full-scale imaging system allowed us to demonstrate that the method enables the visualization of details invisible with conventional absorption-based techniques, that it allows increasing the average x-ray energy while maintaining a detectable signal, and that it could provide a way to reduce the overall exposure time compared to other methods.
A simplified way to describe the behavior of photons in matter is provided by the refractive index [8] n ¼ 1 − δ þ iβ. Variations in δ translate into different x-ray velocities, which distort the wavefront and can be used to generate image contrast. These distortions are often detected by means of interferometers, either based on perfect crystals [9] (Bonse/Hart) or gratings [4, 10, 11] (Talbot or Talbot/Lau interferometers). These are used to generate interferograms, which are perturbed by the introduction of a sample. Recording these perturbations allows the generation of an image of the sample that caused them. For the interferometer to create a detectable interferogram, the source must either be spatially coherent, or be made spatially coherent by means of a third, "source" grating (which corresponds to switching from the Talbot to the Talbot-Lau configuration).
The approach discussed here does not require the generation of interferograms, as it is based purely on x-ray refraction. Wavefront distortions translate into local deviations in the photon direction, and the deviation angle α is proportional to the gradient of δ:
where λ is the x-ray wavelength and z is the x-ray propagation direction. The total phase shift Φ is given by the integral of δ along the z direction multiplied by 2π=λ.∇ x;y is the gradient operator where derivatives are performed along the transverse directions only. Although the wave optics description based on Fresnel/Kirchoff integrals is more rigorous [2, 8, 12] , it has been demonstrated that, under relaxed coherence conditions like the ones described here, the two approaches yield equivalent results [13] . Refraction-based XPCi converts phase effects into image contrast by means of a system sensitive to deviations in the photon direction. At SR facilities, this is often done by means of silicon crystals placed between sample and detector: the crystal's reflectivity curve is used to "analyze" photon directions [1, 14, 15] . If used with polychromatic sources [1, 16] , crystals select the appropriate components of the beam and discard the others. In coded aperture XPCi, a similar discrimination of the photon direction is obtained by illuminating only the edges of the detector pixels [17] . Consider a single detector pixel illuminated by a collimated x-ray beam [ Fig. 1(a) ]. Instead of centring the beam in the middle of the pixel, the beam is aligned with one pixel edge. If an object is scanned through the beam, when the object (or a detail inside it) touches the upper side of the beam, some photons that in absence of the object would miss the pixel are deviated to fall inside it [dashed arrow in Fig. 1(a) ], increasing the number of counts. Likewise, when the object grazes the lower part of the beam, photons that would normally hit the detector are deviated outside it [dashed arrow in Fig. 1(b) ]. In this way, a differential XPCi profile resembling that obtained using an analyzer crystal is acquired [17] , while allowing the full use of a polychromatic and divergent beam. This is obtained by means of coded aperture setups, which simply allow repeating the process outlined above for every detector row (or column) of an area detector illuminated by a divergent, polychromatic beam [5, 7] . In this case, the use of an area detector makes sample scanning unnecessary. A schematic of the setup is shown in Fig. 2 , while Fig. 3 shows a scanning electron microscope of a portion of one of the coded aperture masks. A detailed description of the working principles of coded aperture XPCi was given previously, both based on the simplified ray-tracing approach [18] and on the more rigorous diffraction theory [19] , and will, therefore, not be repeated here for brevity's sake.
It should be noted that, although there might be similarities between the appearance of the coded aperture XPCi system and a Talbot interferometer, they are based on different principles. The gratings in a Talbot interferometer have a much smaller pitch, to allow sufficient sensitivity to small angular deviations. The two gratings must be separated by one of the wavelength and pitch-dependent Talbot distances, and multiple images at different positions of one of the gratings ("phase stepping") are acquired, allowing the extraction of differential XPCi, absorption, and dark-field images.
In coded aperture XPCi, the aperture pitch matches that of the pixels in the detector, i.e., is between 1 and 2 orders of magnitude greater than in Talbot gratings, which is what allows the use of larger sources without additional collimation. It would be impossible to use such a large pitch with a grating interferometer, as this would result in insufficient angular sensitivity. In our case, the sensitivity is obtained by exploiting the edge illumination principle: 2 . Schematic of the coded aperture setup: two sets of coded apertures (SA, sample apertures, and DA, detector apertures) allow repeating the situation depicted in Fig. 1 for all rows (or columns) of an area detector. The sample is placed immediately downstream of the sample apertures, almost in contact with them. P is the detector pixel size and ΔP the fraction of the pixel directly illuminated by radiation: this can be changed simply by displacing SA with respect to DA. A smaller ΔP results in increased sensitivity but also in increased exposure time.
each thin individual beam straddling the edge between sensitive and insensitive regions on the detector yields high sensitivity to small angular deviations. The remaining part of each pixel is not illuminated, meaning that the refraction signal is not "washed out" by unwanted background. To further clarify this point, let us stress that if we aligned the coded apertures masks such that the apertures overlapped, thus fully illuminating the sensitive part of the pixel, most of the method sensitivity would be lost: it is the misalignment between the masks that creates the sensitivity. This comes at a cost of an increased exposure time, but overall the balance could be advantageous, as discussed below. Generally speaking, the exposure time required to maintain the same x-ray statistics scales linearly with the fraction of the pixel surface exposed to radiation, and the way in which the system sensitivity increases with a reduced exposed fraction is discussed in detail in [7] .
The large aperture pitch also results in simplified alignment requirements and increased robustness against environmental vibrations and temperature variations, and makes scaling the system by tiling multiple masks easier.
As an application example, we show a difficult case in security inspections. In conventional x-ray imaging, the detection of plastic explosives is made problematic by materials having similar attenuation characteristics, such as cheeses, liquids, and other plastics. Therefore, the ability to contextualize such objects with respect to wires and other components that could indicate the presence of a threat becomes important. Such a capability is not ideally handled by absorption contrast imaging due to a lack of information in the signal, which motivates the need for an XPCi technique. We have designed a system capable of operating at hard x-ray energies [20] , and used it to image a custom-made phantom containing a 2 mm thick simulated plastic explosive and 70 μm thick aluminum wires. Coded aperture masks with 100 μm gold thickness and an overall area of 36 cm 2 were fabricated to the authors' design by Creatv Microtech (Potomac, Maryland). In the "detector" mask, apertures are 30 μm wide, 6 cm long and the pitch is just below 100 μm, to allow "matching" the apertures to every second pixel column on the detector (see Fig. 3 ). The presample mask is identical, apart form a scaling factor (50%, see below) accounting for the beam divergence.
A W target x-ray source, used in hospital work since the mid-1980s [21] , was employed, jointly with the Hamamatsu C9732DK flat panel detector, a passive-pixel complementary metal oxide semiconductor sensor with a pixel size of 50 μm (rebinned to match the above aperture pitch). Figure 4 (a) shows an image taken at a tube potential of 40 kVp. All details are visible: the thin Al conductors, the 2 mm plastic cylinder simulating the "explosive" and, behind it, a 300 μm thick polyethylene binding fibre. The source-to-detector distance was 2 m with the sample placed in the middle. Figure 4(b) shows the absorption image at the same photon statistics, obtained by placing the sample in contact with the detector, in which the only discernible feature is the plastic cylinder.
Optimum image acquisition depends upon the available x-ray flux and the way in which the sample is presented (e.g., scanned versus static acquisitions). The above images were obtained by acquiring images at five subpixel positions and combining them to obtain an image with increased resolution ("dithering"). In a scanned acquisition mode like that of most security systems, acquiring multiple images of this kind would be just an issue of how frequently the detector is read out. However, to demonstrate that this is not essential to the method, we also show the undithered image (Fig. 5) . Its resolution is coarser and the pixelization is apparent, but all features are still detected. In this case, as the pitch of the detector apertures typically matches that of the detector pixels, the image resolution is determined by the Fig. 3 . Scanning electron microscope image of a small area on the top of the detector mask (apertures in dark gray). The pitch has been slightly reduced with respect to the desired one (100 mm) to allow for a small distance between mask and detector, hence facilitating mask positioning and alignment. pixel size; if a subpixel dithering step is applied, then the resolution is driven by the dithering step itself, provided this is larger than or equal to the size of the apertures in the detector mask (which effectively "reshape" the detector point spread function). This demonstrates the flexibility of the method with regard to accommodating whatever photon flux is available. Finally, to demonstrate the robustness of the method against increasing x-ray energy, an image of the same sample taken at 100 kVp is shown in Fig. 6 . A reduction in the contrast, in agreement with the behavior of δ versus average photon energy, is encountered, but all details are still detected.
To avoid damaging the target, all images were acquired with a tube current of 1 mA, resulting in exposure times between 40 and 60 s (for the nondithered images). These seem to be at least 1 order of magnitude below any other XPCi acquisition with non-SR sources to date, as, to the best of our knowledge, comparable exposure times were only achieved by exploiting tube currents as high as 30-45 mA [22, 23] (at the same tube voltage, i.e., 40 kV). The use of a source with a similar power, but with a focal spot size comparable to that used in this study (e.g., FR-E+ SuperBright, Rigaku, Japan), could, therefore, be expected to allow acquisition times of the order of a few seconds. This is clearly a preliminary result, as a rigorous comparison would require imaging the same sample with the various techniques, and reach an x-ray statistics resulting in exactly the same signal-to-noise ratio. However, it provides an encouraging indication, and further investigations will ensue as:
1. in applications requiring softer x rays (e.g., mammography), we would use thinner masks, therefore increasing their angular acceptance even further, and 2. we have preliminary indications, albeit only at the simulated level, that the overall system length could be reduced from 2 m to 1:5-1:6 m [7] , which would allow a further increase in the flux reaching the detector.
We are currently in the phase of commissioning a Rigaku MM-07 source, which will be used to investigate these important aspects in the near future.
We used a focal spot of ∼50 μm, about 1 order of magnitude larger than those used in previous XPCi experiments with microfocal sources; however, we have previously demonstrated that focal spots up to 100 μm can be used without affecting image quality [7] . It should be noted that, according to the definition recently given by Wu and Liu [24] , the method is a "phase-contrast imaging" rather than a "phase imaging" one, in that it does not yet allow the extraction of quantitative information. However, a formalism describing image formation was previously derived [18, 19] , and we are currently developing it further to allow phase retrieval approaches.
Finally, the technique can be made sensitive to phase effects in two directions simultaneously through individual L-shaped apertures matching each pixel [25] , even though in its present state this method does not allow analytically separating x and y information unless additional mask/sample motion is employed. Fig. 5 . Undithered coded aperture XPCi image. Images presented in Fig. 2 were "dithered", i. e., combinations of a series of images taken at various subpixel displacements. Here an image taken without the dithering procedure shows, despite a coarser overall resolution, that all details are still detected. This allows further reducing the exposure time. Fig. 6 . High-energy coded aperture XPCi image. This was taken at 100 instead of 40 kVp: the increased average beam energy causes the expected reduction in the contrast, but despite this all details are still detected.
